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trp, a Novel Mammalian Gene Family Essential
for Agonist-Activated Capacitative Ca21 Entry
Xi Zhu, Meisheng Jiang, Michael Peyton, Mathes and Thompson, 1994; Grudt et al., 1996). Oscilla-
tions of [Ca21]i in response to agonists and store deple-Guylain Boulay, Raymond Hurst, Enrico Stefani,
tion depend on CCE (Foskett and Wong, 1994), andand Lutz Birnbaumer
CCE is thought to be an essential component in theDepartment of Anesthesiology
establishment of intracellular Ca21 oscillations in nonex-Department of Biological Chemistry
citable cells lacking voltage-gated Ca21 channels, asSchool of Medicine
seen in hepatocytes (Woods et al., 1986). Finally, CCEMolecular Biology Institute
is known to play an important role in activation of phos-University of California
pholipase A2 and inhibition of the neuronal (type I) ade-Los Angeles, California 90095-1778
nylyl cyclase as seen in C6-2B glioma cells (Brooks et
al., 1989; Chiono et al., 1995). To our knowledge this
type of Ca21 influx has been seen in all cells specificallySummary
examined for its presence and may be common to all
animal cells (for reviews, see Putney and Bird, 1993;Capacitative calcium entry (CCE) describes Ca21 influx
Fasolato et al., 1994; Clapham, 1995a, 1995b).into cells that replenishes Ca21 stores emptied through
Visual signal transduction in invertebrates involves
the action of IP3 and other agents. It is an essential
activation of PLC, formation of inositol 1,4,5-trisphos-
component of cellular responses to many hormones phate (IP3) (Devary et al., 1987), and release of Ca21
and growth factors. The molecular basis of this form from internal stores (Brown et al., 1984; Fein et al., 1984).
of Ca21 entry is complex and may involve more than This results in photoreceptor depolarization and devel-
one type of channel. Studies on visual signal transduc- opment of the so-called receptor potential observed
tion in Drosophila led to the hypothesis that a protein in electroretinograms. Accordingly, mutants that fail to
encoded in trp may be a component of CCE channels. express PLC are blind and fail to develop a receptor
We report the existence of six trp-related genes in the potential (Yoshioka et al., 1985; Bloomquist et al., 1988).
mouse genome. Expression in L cells of small portions In wild-type flies, if light persists, the receptor potential
of these genes in antisense orientation suppressed is sustained by activation of a Ca21 conductance (Hardie
CCE. Expression in COS cells of two full-length cDNAs and Minke, 1992). The Drosophila mutant called tran-
encoding human trp homologs, Htrp1 and Htrp3, in- sient receptor potential (trp) lacks the sustained depo-
creased CCE. This identifies mammalian gene prod- larizing phase of the receptor potential and is blinded
ucts that participate in CCE. We propose that trp ho- by intense light because of an inability to mount a Ca21-
mologs are subunits of CCE channels, not unlike those dependent adaptation response (Suss et al., 1989; Har-
of classical voltage-gated ion channels. die and Minke, 1992).
Molecular cloning of Drosophila trp (Montell and Ru-
bin, 1989) and the cDNA of a related protein, trp-likeIntroduction
(Phillips et al., 1992), showed a similarity to voltage-
gated Ca21 channels in the regions called S3 throughStimulation of cells by agents that activate phospholi-
S6, including theS5-S6 linker that forms the ionselectivepase C (PLC) leads to release of Ca21 from intracellular
pore, with the exception that the positively charged resi-stores and is followed by influx of Ca21 from the extra-
dues in S4 that confer voltage sensitivity to voltage-cellular space through a set of channels that have vari-
gated channels are absent in the trp sequences. Theseously been referred to as calcium release±activated
findings led Minke, Selinger, and Hardie to hypothesizecalcium channels (CRACs), store-operated calcium
that trpand/or trp-relatedproteins may form mammalianchannels (SOCs), and receptor-operated calcium chan-
CCE channels (Hardie and Minke, 1993, 1994; Selinger
nels (ROCs) (Hoth and Penner, 1992, 1993; Zweifach
et al., 1993). Indeed, when expressed in insect Sf9 cells,
and Lewis, 1995a, 1995b). Because the entering Ca21
trp-like forms a Ca21-permeable, nonselective cation
replenishes Ca21 stores that act like capacitors, it has channel activated by IP3 (Hu et al., 1994, Dong et al.,
also been calledcapacitative Ca21 entry, or CCE (Putney 1995) and trp forms a Ca21-selective channel activated
1986, 1990). CCE is activated in T cells upon T cell by store depletion, such as happens upon inhibition
receptor stimulation (Fanger et al., 1995); in liver cells of intracellular endoplasmic reticulum Ca-ATPases with
in response to epinephrine, angiotensin II, and other thapsigargin (TG) (Vaca et al., 1994). When expressed
agonists (Berven et al., 1994, 1995); in smooth muscle in Xenopus oocytes, Drosophila trp enhanced TG-stimu-
cells in response to vasopressin (Byron and Taylor, lated CCE (Petersen et al., 1995). These findings support
1995); in platelets upon activation by thrombin and other the hypothesis that trp-related molecules might exist in
platelet activators (Vostal et al., 1991; Chow et al., 1992; vertebrate organisms forming the channels responsible
James-Kracke et al., 1994); in HL-60 neutrophil-like cells for the classical CCE that occurs in cells after phospholi-
upon activation by chemotactic peptides (Jaconi et al., pase C stimulation. However, the novel homolog, Htrp1,
1993); in endothelial cells in response to agonists such recently cloned by us (Zhu et al., 1995) and indepen-
as bradykinin (Schilling et al., 1992); and in cell lines of dently by Montell and colleagues (Wes et al., 1995),
neuronal origin such as PC12 chromaffin, N1E-115, SH- could not be shown in initial experiments to mediate or
SY5Y cells in response to stimulation through musca- affect CCE, raising doubts about the role of trp proteins
in CCE.rinic and purinergic receptors (Clementi et al., 1992;
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662
Evidence has been accumulating both in the literature
and in the expressed sequence tag data base (dbEST)
indicating that there are several mammalian trp homo-
logs, including what appears to be a pseudogene that
received the name TRPC2 from Wes et al. (1995) and
Htrp2 (or cHtrp2) from us. We have now used EST
R34716 as a probe and human embryonic kidney cell
mRNA as template to clone the full-length cDNA of an-
other human trp homolog, Htrp3, which when expressed
transiently in COS cells enhances CCE. In addition we
identified a total of six nonallelic murine trp genes and
found that upon expression of a mixture of partial cDNAs
in the antisense direction in murine L cells, they block
expression of endogenous agonist-activated CCE. This
proves a role for trp proteins in promoting this form of
Ca21 entry.
Results
Functional Expression of Htrp1 and Htrp3
Characterization of trp proteins as components of CCE
was a challenge because their activity needed to be
determined in intact cells and had to be recognized in
a background of existing agonist-stimulated Ca21 influx.
Two complementing approaches were used. The first
was to express full-length trp cDNAs in a mammalian
cell and test whether they would increase CCE. The
second was to expand our knowledge on the molecular
complexity of the mammalian trp gene family and test
whether expression of partial cDNAs of several mem-
bers of this family in antisense direction would interfere
with CCE. We reasoned that if both conditions could be
met, we would be justified in concluding that the trp
having this activity is a component of CCE, i.e., the
capacitative Ca21 entry pathway.
The Htrp3 cDNA was transfected into COS-M6 cells
together with a marker gene that would identify cells
that had taken up DNA from nontransfected cells. The
marker gene used was the Gq-coupled M5 muscarinic
receptor (M5R) (Liao et al., 1989). This receptor stimu-
lates PLC (Liao et al., 1989, 1990) and, in the present
study, served as a trigger to activate CCE. Our initial
experiments characterized Ca21 transients in COS-M6
cells transfected only with the M5 receptor. Stimulation
of the PLC/IP3 pathway through the M5 receptor by
addition of carbachol (CCh) caused an immediate fast
rise in cytosolic Ca21 ([Ca21]i) to a peak level that fell
with an approximate t1¤2 of 30 s to a plateau that was
above the starting resting level (Figure 1A). Maintenance
of this plateau was dependent on both continuous Ca21
Figure 1. Functional Expression of Htrp3 and Htrp1 in COS-M6 Cells
entry from the extracellular medium and on the continu-
(A) Agonist-induced [Ca21]i transients in COS cells. (Left) Agonistous stimulation of the M5 receptor/G protein/PLC/IP3 (CCh)-induced transient seen in COS cells in the presence of extra-
pathway by the receptor agonist, as it was blocked upon cellular Ca21 and blockade by the competitive muscarinic receptor
addition of the receptor antagonist atropine (Figure 1A). antagonist atropine. Note the full return of [Ca21]i to basal levels
within 100 s of replacing CCh with atropine. (Right) Typical agonist-Although this was not assessed specifically in COS cells,
induced [Ca21]i transient seen in COS cells in the absence of extra-we presume that the initial fast rise in [Ca21]i is due to
cellular Ca21 and increase in [Ca21]i upon Ca21 readdition due toIP3-stimulated release of Ca21 from intracellular stores
activation of capacitative Ca21 influx channels. The sequence of
(Streb et al., 1983). In agreement with this interpretation, additions is shown on top of each time course. Cells were kept in
the fast rise in [Ca21]i in response to CCh occurred also HPSS from which Ca21 was omitted when so indicated and to which
in the absence of extracellular Ca21 (Ca21-free medium reagents were added as shown. CCh was 20 mM, EGTA was 0.5
mM, CaCl2 was either not added or 1.8 mM, and atropine was 10plus 0.5 mM EGTA) but, rather than falling to an above-
mM and replaced CCh. The traces in (A) represent the average ofbasal plateau, fell to levels very close to basal. Addition
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of Ca21 to cells that had undergone the initial agonist- cells transfected with M5R alone. Furthermore, the fit
required an offset or plateau of [Ca21]i that was 2.2-2.5induced [Ca21]i increase in the absence of Ca21 then
resulted in a rise in [Ca21]i (Figure 1A). This entry of Ca21 times that of the [Ca21]i at the time of CCh addition.
This plateau showed a small, but significant differenceis a measure of agonist-activated CCE. Under these
conditions, Ca21 influx was dependent on expression of between control and Htrp3-transfected cells (88 nM
[95% confidence limits: 77±101 nM] versus 117 nM [95%the M5 receptor (Figure 1A, no M5R/no Htrp trace, at
right). Addition of Ca21 to cells kept for up to 10 min in confidence limits: 105±130 nM]). The plateau derived
from the fit for Htrp1-transfected cells did not differCa21-free medium in the absence of CCh also failed to
show Ca21 influx (data not shown). These features of significantly from that of either control or Htrp3-trans-
fected cells.agonist activated Ca21 transients have been shown pre-
viously for the M5 receptor expressed in stable form in The effect of readdition of Ca21 to cells that had been
stimulated with CCh in the absence of Ca21 showed thatmurine L cells (Liao et al., 1990).
We next tested whether Htrp3 would affect M5 recep- Ca21 influx into cells transfected with Htrp3 was faster
and lasted longer than in control cells, causing [Ca21]itor±induced capacitative Ca21 transients. We expected
the putative trp-mediated Ca21 entry to reduce the rate to increase to levels that were 200%±230% above those
seen in cells transfected without Htrp3 (Figure 1C). It isat which [Ca21]i falls after the initial effect of IP3, and
possibly to increase the steady-state (plateau) level of noteworthy that while coexpression of Htrp1 had no
measurable effect on the rate of decay of the IP3-in-[Ca21]i. We expected also that cells stimulated in the
absence of extracellular Ca21 would show, upon Ca21 duced peak [Ca21]i, it did cause a significant increase
in Ca21 influx when measured by the Ca21 readditionreaddition, a faster Ca21 influx leading toa higher [Ca21]i.
Cells that had been transfected with expression vectors protocol (Figure 1C). The magnitude of the effect of
Htrp1, a maximum of 75% over control, was smallercarrying the M5 receptor and, as appropriate, either the
newly cloned Htrp3 cDNA or the previously cloned Htrp1 than that of Htrp3. Thus, the Ca21 readdition protocol
is a more sensitive way of measuring changes in Ca21cDNA (Zhu et al., 1995), were grown on coverslips,
loaded with the fluorescent Ca21 indicator dye Fura2 influx than assessing changes in the kinetics of the IP3-
induced [Ca21]i transient or changes in plateau [Ca21]iand tested for a response to CCh 40±48 hr after transfec-
tion. For purpose of analysis, the cells that responded as seen in the continuouspresence of extracellular Ca21.
The remainder of the studies were carried out withto CCh were assumed to be expressing not only the
receptor but also the cotransfected trp cDNA. Changes Htrp3.
Three aspects of the Htrp3-induced Ca21 influx werein [Ca21]i as a function of time were recorded from indi-
vidual cells, averaged, and fitted by a first-order decay investigated. The first was to determine that increased
Ca21 influx was not merely a nonspecific leak that devel-function plus an offset. As illustrated in Figure 1B, the
decay of the CCh/IP3-induced peak [Ca21]i in the pres- oped in response to protein overexpression. This was
addressed by testing whether Ca21 influx in the presenceence of extracellular Ca21 was well fit by the first-order
decay function, and the rate of return was slower in cells of Htrp3 could be inhibited by lanthanum and nickel,
which both inhibit capacitative Ca21 influx (Pandol ettransfected with Htrp3 than in cells transfected with the
M5R only: t1¤2 5 27 6 3 s for cells with M5R only (mean 6 al., 1987; Kwan et al., 1990). As shown in Figure 2 for
lanthanum, the Htrp3-stimulated Ca21 influx is fully in-SEM; n 5 81 individual M5R-positive cells analyzed)
versus 37 6 4 s for cells transfected with M5R plus hibited by 1 mM La31, as is the CCE endogenous to
COS cells (data not shown). Htrp3-mediated Ca21 influxHtrp3 (n 5 81; p < 0.01). In contrast, the decay in cells
transfected with M5R plus Htrp1 (t1¤2 5 24 6 3 s; n 5 differed from agonist-stimulated COS cell CCE in that
it was significantly less sensitive to low concentrations104) was not significantly different from that seen in
of La31. At 250 mM, endogenous Ca21 influx was 80%±
90% blocked while the difference due to Htrp3 influx
was blocked only 30%±40%. In another set of experi-
[Ca21]i changes occurring at the times indicated in the indicated ments, we found that endogenous CCh-stimulated CCE
number of individual cells, and hence independent transfection was blocked >90% by 2 mM Ni21, while CCh-stimulated
events.
influx due to Htrp3 was inhibited by only 20%; 10 mM(B) Htrp3, but not Htrp1, delays the decay of the agonist-induced
Ni21 blocked Ca21 influx in Htrp3 cells 85% (data not[Ca21]i transient occurring in the presence of extracellular Ca21.
shown). Although it still needs to be determined whetherChanges in [Ca21]i after reaching the CCh-induced peak fitted with
a first order decay function, continuous line, of the form A 5 Aoe2kt 1 part of the endogenous COS cell CCE is Htrp3-like, the
B, where Ao is the peak value of [Ca21]i occurring at t 5 0, A is the results demonstrate that Ca21 entry stimulated by ex-
[Ca21]i at time t, k is the time constant, with t1¤2 5 ln2/k, and B is the pression of Htrp3 is not due to appearance of a nonspe-
calculated plateau of [Ca21]i required to optimize the fit. Cells were cific leak. Finally, we tested whether Ca21 influx in Htrp3-stimulated with 20 mM CCh. The calculated t1¤2 in the presence of
transfected cells allowed passage of Mn21. Some formsHtrp3, 37 s, is significantly longer than t1¤2 in the presence of Htrp1
of CCE channels allow passage of Mn21 while others do(24 s) or t1¤2 in control cells (27 s). Bar graph: mean [Ca21]i in control
cells (M5 receptor only) and cells transfected with Htrp1 or Htrp3 not (reviewed in Fasolato et al., 1994; Clapham, 1995b).
plus the M5 receptor during the 120 s prior to carbachol additon We thus depleted internal stores in Ca21-free medium
and plateau [Ca21]i values calculated by the fit (means 6 SEM). by addition of CCh; allowed [Ca21]i to return to baseline(C) Htrp3 and Htrp1 increase Ca21 influx after agonist-induced
levels (range: 40 and 60 nM); and then added 25 mMdepletion of Ca21 stores. Additions were as follows: Ca21 (1.8 mM)
MnCl2 so as to monitor Mn21 entry by its effect to quenchat t 5 0, agonist (20 mM CCh) at t 5 2180 s, and EGTA (0.5 mM)
the fluorescence signal of Fura2 excited at 380 nm. Inat t 5 2240 s. Data points in this and other figures are mean 6
SEM [Ca21]i in the indicated number of cells. Htrp3-transfected cells, the Fura2 signal was quenched
Cell
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Figure 3. Stimulation of Htrp3-Induced Ca21 Entry by Store De-
pletion
COS cells were transfected with M5 receptor alone (Ctrl) or M5
receptor plus Htrp3 and plated onto coverslips, loaded with Fura2
and prepared for videomicroscopy. After changing the medium to
Ca21-free HPSS, the cells were subjected to store depletion by
addition of 500 nM thapsigargin (TG) at t 5 2240 s. At t 5 0 they
were challenged with 1.8 mM Ca21 to monitor the activity of store
depletion-activated Ca21 influx. The data are averages of [Ca21]i
occurred in all cells, regardless of expression of M5 receptor. Main
graph shows the means 6 SEM of changes after Ca21 addition
Figure 2. Htrp3-Mediated Ca21 Influx Is Less Sensitive to Inhibition calculated at 10 s intervals. Inset shows means of changes through-
by La31 than COS Cell Capacitative Ca21 Entry out the experiment. For other details see Experimental Procedures
Transfected cells, grown on coverslips, were loaded with Fura2, and Figure 1.
placed onto the stage of the microscope fitted with the Attofluor
digital ratio imaging photometry system and exposed to Ca21-free
HPSS. Assigning t 5 0 to the time of addition of 1.8 mM Ca21 in We conclude that Htrp3-mediated CCE is subject to
HPSS, other additions (solutions made in Ca21-free HPSS) were: 0.5 regulation by store depletion and does not require simul-
mM EGTA at 2240 s; 20 mM CCh with the indicated concentrations taneous stimulation by an agonist, and also, that there
of LaCl3 at 2180 s. For other details see legend to Figure 1 and
are differences with respect to the endogenous COSExperimental Procedures.
cell CCE. It appeared also that Htrp3-mediated Ca21
influx may be more sensitive to agonist-promoted store
depletion than thapsigargin-mediated store depletion.at a rate of 0.14%/s, which was 3 times faster than
quenching observed in control cells (0.05%/s, data not It is possible that store depletion-activated CCE is regu-
lated by more than one signal, one coming from theshown). These findings indicated that in control cells as
well as in Htrp3-transfected cells, Ca21 enters through store and one (or more) generated by the receptor acting
through the G protein/PLC/IP3 pathway. The nature ofchannels that allow passage of Ca21 and Mn21.
We tested whether the Htrp3-induced influx is regu- these signals and their relative contribution to the overall
CCE are unknown. A phosphorylated calcium influx fac-lated by store depletion in the absence of agonist. Cells
were placed into Ca21 free medium plus 500 nM TG to tor (CIF) was suggested for the signal coming from the
store (Parekh et al., 1993; Randriamampita and Tsien,inhibit internal Ca pumps and thus promote agonist-
independent store depletion. Ca21 (1.8 mM) was then 1993, 1994), but this has been disputed (Gilon et al.,
1995). The receptor-generated signal could be phos-added to measure Ca21 influx. As shown in Figure 3, the
store depletion±activated increase in [Ca21]i was larger phorylation, a second messenger, and/or an activated
form of a G protein. The nature and regulation of thesein Htrp3-transfected cells than in control cells indicating
that Htrp3±dependent Ca21 influx can be activated by signals needs investigation.
The third aspect of Htrp3-induced CCE we investi-store depletion independent of prior activation of the
G-protein/PLC/IP3 pathway. As in control experiments gated was whether Ca21 influx caused by Htrp3 (and
Htrp1) was actually related to classical agonist-acti-with agonist-stimulated Ca21 entry, TG-stimulated Ca21
entry was also blocked >80% by 250 mM La31 while Ca21 vated capacitative Ca21 influx. Our data had thus far
shown that mammalian homologs of insect channelsentry into Htrp3-transfected cells showed a significant
residual Ca21 entry comfirming stimulation of a distinct that were expressed in mammalian cells could permeate
Ca21 in response toa manipulation that activates endog-type of Ca21 entry pathway (data not shown). We noted
that the increase in TG-stimulated Ca21 influx due to enous CCE. These results did not rule out the possibility
that while expression of these homologs mimicked CCE,expression of Htrp3 is of a more transient nature than
the endogenous TG-stimulated Ca21 influx (Figure 3). they were not the type of molecules that naturally fulfilled
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this function in mammalian cells. We thus investigated cDNA sequences reported here lie immediately up-
stream of a highly conserved EWKFAR motif (shownthe molecular diversity of mammalian trp genes, cloned
partial cDNA fragments, and expressed these in the bold letters for Htrp1 and Htrp3 in Figure 6A). Using as
39 PCR primers, antisense oligonucleotides based onantisense direction in a mammalian cell line (murine L
cells) to determine whether they would interfere with this motif, and as 59 PCR primers, exact sense oligonu-
cleotides specific for each of the six trp transcripts posi-natural CCE.
tioned as shown in Figure 4A, it was possible to amplify
genomic fragments from four of the sixmurine trp genes.
Molecular Diversity of the trp Family The length of these fragments exceeded by 600 bp to
We had found previously by Northern analysis that Htrp1 2.8 kb that of the 180 bp product predicted if there would
is expressed in all tissues studied, except liver (Zhu have been no intron between the primers, indicating that
et al., 1995). Since agonist-stimulated calcium influx is the primers spanned introns that varied in length in the
readily demonstrable in liver (Kass et al., 1993; Berven separate genes. The PCR fragments were cloned and
et al., 1994), this suggested strongly that if trp-related their identity was confirmed by sequencing the intron±
proteins participated in or were to be responsible for this exon boundaries (Figure 4A). One explanation for our
type of Ca21 influx, the mRNA encoding the particular trp failure to amplify a fragment of the Mtrp1 and Mtrp5
carrying out this function in liver should be represented genes is that in these genes the introns are too large to
in liver RNA. Using mouse liver poly(A)1 RNA as template amplify under the conditions used. Another explanation
and degenerate sets of primers based on the amino could be that for these genes the EWKFAR motif on
acids known to be conserved in Drosophila trp, Dro- which the 39 primers were based is not absolutely con-
sophila trp-like, Caenorhabditis elegans trp, and Htrp1 served in these genesÐin the C. elegans trp it is
(Zhu et al., 1995), we amplified and cloned a polymerase EKWFHRÐwhich could make our primers ineffective in
chain reaction (PCR) fragment of 405 bp that had a the PCR reaction. Absence of an intron between the
continous open reading frame of 135 codons encoding primers would have yielded a 180 bp fragment, which
an amino acid sequence very similar to that encoded in was not obtained. The identification of distinct genomic
the human pseudogene±derived EST T67673 (cHtrp2), fragments for four of the trp sequences found by RT±
with two exceptions: one, that alignment of the murine PCR provides independent confirmation for the exis-
sequence with other trp sequences did not require intro- tence of four of the six trp genes inferred from by analyz-
duction of a 31 amino acid gap, and two, where EST ing the RT±PCR products. The fact that these genes
T67673 has a Stop codon we found the CGA codon for have conserved intron/exon boundaries is further proof
Arg. Using a second set of sense and antisense primers of the evolutionary relatedness of the sequences identi-
(see Experimental Procedures), we amplified and cloned fied by RT±PCR.
another PCR fragment that, except for beginning 93 nt
downstream from the first, had the same nucleotide Inhibition of Endogenous CCE by trp
sequence as the first and hence encoded the same Antisense Sequences
murine trp homolog, Mtrp2. Using mouse brain poly(A)1 The results presented in the preceding paragraphs in-
RNA as template and other mixtures of degenerate oli- creased to six the number of possible trp-related pro-
gonucleotides, we identified cDNA fragments that po- teins that could be involved in agonist- and store-oper-
tentially encoded five additional murine trp-related pro- ated CCE. The murine trp-related sequences of Figure
teins. Published data (Petersen et al., 1995; Wes et al., 4A were cloned in their antisense direction downstream
1995; Zhu et al., 1995) and a query of dbEST had pre- of theCMV promoter of the eukaryotic expression vector
dicted that, including the human pseudogene, we pGW1H and transfected together with the M5 receptor
should have found only three additional murine trp-re- (in pcDNA3) into murine L cells. Cells transformed by
lated gene products. A comparison of the predicted pcDNA3 DNA were isolated by growing in G418-con-
amino acid sequences of the cDNA fragments obtained taining medium. pcDNA3, but not pGW1H, carries the
by reverse transcription±PCR (RT±PCR) to known trp- neomycin resistance gene. Transfection of L cells with
related sequences showed that we had obtained in addi- human genomic DNA has shown that these cells are
tion to Mtrp1, Mtrp2, and Mtrp3, the murine equivalents able to incorporate in stable form as much as 1.5 million
of their human counterparts, Mtrp4, a murine sequence basepairs (Kuhn et al., 1984). On the basis of this we
described by Petersen et al. (1995), and two novel se- assumed that cells selected for transformation by the
quences, Mtrp5 and Mtrp6. Figure 4A presents the nu- pcDNA3 vector were likely to have incorporated also
cleotide sequence alignments of the overlapping re- the pGW1H vectors with the six antisense trp sequences
gions of the six distinct gene products identified in this and hence to be coexpressing the M5 receptor and the
way. Compared with Mtrp5, Mtrp1, -2, -3, -4, and -6 anti-trp sequences. Cells from the isolated cell clones
differ at the nucleotide level by 53%, 46%, 40%, 22%, that were positive for M5 receptor expression as seen
and 39%, respectively. Ignoring gaps, thesame compar- by their ability to respond to CCh with an IP3-induced
ison at the amino acid level shows Mtrp1, -2, -3, -4, rise and fall in [Ca21]i, were then tested for their ability
and -6 to differ from Mtrp5 in this region of the proteins to mount a capacitative Ca21 influx response. In six of
by 57%, 49%, 45%, 7%, and 56% percent, respectively. the nine M5 receptor-positive cell lines that had been
These relationships are presented graphically in the transfected with both the M5 receptor and antisense
dendrogram of Figure 4B. cDNA fragments (see Experimental Procedures), the ex-
Murine genomic DNA was tested for the presence of pression of antisense sequences fully prevented activa-
tion of CCE (illustrated for cell clone a6.5 in Figure 5B).six distinct trp genes using a PCR approach. All the trp
Cell
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As determined for cells from two cell lines transfected
with antisense cDNAs and showing no agonist-stimu-
lated CCE, the loss of CCE was not due to a collapse
of their resting membrane potentials. Thus, the resting
membrane potentials (mean 6 SEM) of cells from clones
a6.19 and a6.5 (Figure 5), which had theirCCE responses
suppressed, were 230 6 4 mV (n 5 8) and 235 6 4 mV
(n 5 8), respectively; and those of cells from clones c.1
and c.4 (Figure 5), which expressed the M5 receptor
alone and showed agonist-activated CCE, were 227 6
2 mV (n 5 8) and 234 6 4 mV (n 5 8), respectively. None
of these membrane potentials differed significantly from
the other (p > 0.25). This indicated that loss of CCE
was not a nonspecific effect of the antisense sequences
causing a collapse of the membrane potential. We con-
clude that one or more of the mammalian trp homologs
is a component of the CCE pathway, and vice versa that
CCE is totally dependent on one or more trp-related
gene products.
Primary Structure, Tissue Expression,
and Model of Topology of Htrp3
Figure 6A compares the amino acid sequences of Htrp1
and Htrp3. The boxed sequence identities underscore
the evolutionary relatedness of these two genes. North-
ern analysis detected an Htrp3 mRNA of z4 Kb predomi-
nantly in brain, and at much lower levels also in ovary,
colon, small intestine, lung, prostate, placenta, and tes-
tis (Figure 6B). A larger size mRNA present at a lower
level in brain, could be composed of incompletely pro-
cessed mRNA or alternatively spliced products.
A Kyte±Doolittle analysis (Figure 6C) revealed a core
of eight hydrophobic regions of which six could encode
protein, spanning from the begining of putative transmembrane re-
gion 5 to the end of putative transmembrane region 6. Mtrp1 is most
similar to Htrp1, as is the Xenopus trp sequence (Xtrp1) of Petersen
et al. (1995); Mtrp2, is most similar to the human pseudogene en-
coded in ESTs T67673 and H61599, but differs in that its open
reading frame lacks the multiple stop codons found in the human
cDNA; Mtrp3 is most similar to Mtrp6 and the human sequence
encoded in EST R34716; Mtrp4 is identical to the murine sequence
in Petersen et al., 1995; Mtrp5 and Mtrp6 are novel sequences
closely related to but distinct from Mtrp4 and Mtrp3, respectively.
Dashes indicate a nucleotide identical to Mtrp5; periods indicate a
gap; vertical lines after position 360 and before position 361, intron/
exon boundary determined by sequence analysis of genomic frag-
ments amplified by PCR using primers described under Experimen-
tal Procedures; horizontal lines, location of PCR primers used to
amplify genomic fragments. (B) Phylogenetic relationships among
all presently known trp proteins as deduced from comparing the
segments encoded in the cDNA fragments shown in (A) and the
cognate segments of other trp's reported in the literature and/or
the GenBank database. The corresponding GenBank accession
numbers are: Htrp1, U31110 (from Zhu et al., 1995); Xtrp1, X90696
(from Petersen et al., 1995); Mtrp1, U40980 (this report); Mtrp2,
U40981 (this report); Htrp3, U47050 (this report); Mtrp3, U40982 (this
report); Htrp4, U40983 (this report); Mtrp4, X90697 (from Petersen
et al., 1995); Mtrp5, U40984 (this report); Mtrp6, U49069 (this report);
Dtrp, J04844; Dtrp1, M88185 and Cetrp, L16685. H, human; M,
mouse; X, Xenopus; Ce, C. elegans; and D, Drosophila. The amino
acids encoded in the cDNA fragment of Caliphora trp (Petersen et
Figure 4. Molecular Diversity of the trp Gene Family al., 1995) are identical to those of Dtrp. The phylogram was calcu-
Nucleotide sequence of cDNA fragments obtained by RT±PCR (A) lated by applying the growtree routine to the multiple amino acid
and evolutionary relationships among the presently known trp genes sequence alignment obtained with the GCG Wisconsin Sequence
(B). (A) Each of the murine PCR products has a single open reading Analysis Package.
frame and encodes the same homologous region of a trp-related
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Figure 5. Stable Expression of Anti-trp Se-
quences Blocks Receptor-Activated Capaci-
tative Ca21 Influx
The left graph shows the carbachol-stimu-
lated capacitative Ca21 influx seen in murine
Ltk2 cells expressing the M5 receptor in sta-
ble form (clone c.4); the right graph shows
loss of the capacitative Ca21 influx response
upon coexpression of a mixture of fragments
of six trp cDNAs (Mtrp1 through Mtrp6) in the
antisense orientation. Loss of the Ca21 influx
pathway is shown for clone a6.5 (clone #5 of
cells transfected with M5 receptor and the 6
anti-trp sequences). Loss of capacitative
Ca21 influx occurred in 6 of 9 independent
M5 receptor±positive a6-type cell lines
tested.
transmembrane segments based on degree of hydro- is insensitive to store depletion, permeates mono- and
divalent cations alike, is activated by IP3, and has aphobicity and length (16 amino acids). This core is 320
amino acids long and is delimited, in analogy to other tendency for spontaneous agonist-independent activa-
tion (Vaca et al., 1994; Dong et al., 1995; Harteneck etion channels, by putative cytosolic N- and C-termini that
are 350 and 200 amino acids long, respectively. The al., 1995; Hu and Schilling, 1995). It is not known whether
CCE channels with properties of insect trp and trp-likehydropathy analysis, together with the similarity that
exists between trp and voltage-gated Ca21 channels exist in vertebrate cells. The existence of a family of
mammalian trp proteins reported here, of which two(Phillips et al., 1992), is consistent with the transmem-
brane topology proposed in Figure 6D. The murine se- members have the ability to increase Ca21 influx, and
the effect of anti-trp sequences suppressing CCE in aquences amplified by RT±PCR shown in Figure 4 span
from the fifth through the sixth putative transmembrane fibroblast cell line provide a formal link between the
activity of Htrp3 and CCE.segment (S5 through S6) and include their presumptive
pore regions as has been proposed by Phillips et al. With six genes at hand it is easy to envision that CCE
is likely to be due to the expression of heterogeneous(1992) and Wes et al. (1995) for Drosophila trp-like and
Htrp1, respectively. sets of trp-based channels sharing the property of being
activated secondarily to PLC activation and/or store
depletion. We propose that mammalian trp proteinsDiscussion
adopt the transmembrane topology of the type shown
in Figure 6D and that they are indeed channel formingWe report the molecular cloning of a cDNA encoding
Htrp3, a protein that enhances CCE in COS cells, and proteins. Assuming that Htrp3 forms a channel in COS
cells, and addressing this trp specifically, we do notshow a similar activity for Htrp1. The activity of these
gene products was best observed when CCE was mea- know whether channels formed of Htrp3 alone would
form naturally. Moreover, we have thus far no informa-sured following agonist-stimulated depletion of intracel-
lular stores in Ca21-free medium. This protocol is similar tion on how a trp-based CCE channel might be made up.
The simplest model, based on voltage and nonvoltageto that used by Petersen et al. (1995) showing that ex-
pression of Drosophila trp in a vertebrate cell, the Xeno- gated potassium channels, is that trp-based channels
are tetramers. As such they would have the potential ofpus oocyte, causes an increase in capacitative Ca21
influx of 66% in excess of the endogenous CCE of the forming homotetramers or heterotetramers. In the first
case, Htrp3 could form a naturally existing CCE channel.oocyte. The activities of Htrp1 and Htrp3 increasing Ca21
entry into COS cells by 75% and 230%, respectively In the second, expression of Htrp3 in COS cells could
have led to formation not only of naturally existing heter-(Figure 1C), compare favorably to that of the insect chan-
nel. In our experiments the Ca21 influx due to Htrp3 was otetramers but also of anomalous tetramers that nor-
mally never form. The low sensitivity to La31 and Ni21less sensitive to inhibition by La31 and Ni21 than Ca21
entry through the endogenous COS cell CCE channel(s). could be due to formation of such anomalous channels.
Alternatively, channels with low sensitivity to block byThe CCE channel formed in Htrp3-expressing cells was
found to permeate Ca21 and Mn21. Several recent reports La31 and Ni21 may exist, especially in brain, but have
not yet been found. Inability to form homotetramers andhave emphasized that hormones, growth factors, and
other cellular activators stimulate more than one Ca21 insufficient expression of a partner to form heterote-
tramers could explain the very low effect of expressinginflux pathway (Clementi et al., 1992; Kass et al., 1993;
Montero et al., 1994), and expression of the Drosophila Htrp1.
The present findings substantiate the hypothesis oftrp and trp-like in Sf9 cells showed formation of two
different type of channels. One is highly selective for Minke and colleagues that homologs of Drosophila trp
are involved in regulation of capacitative Ca21 entry inCa21 (trp) and activated upon TG-induced store deple-
tion. The other, trp-like, shows no selectivity for Ca21, vertebrates (cf. Hardie and Minke, 1993; Selinger at al.,
Cell
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Figure 6. Structural Characteristics and Tissue Expression Pattern of Htrp3
(A) The deduced amino acid sequence of Htrp1 is compared with that of the newly cloned sequence of Htrp3 (U47050). Boxes denote amino
acid identity; asterisks denote location of putative transmembrane segments. The EWKFAR motif present in 11 of 13 known trp sequences
is highlighted in bold. Two or more identical amino acids are boxed. The nucleotide sequence of Htrp3 contains ESTs R34716 and D61017.
(B) Northern analysis of Htrp3 expression was assessed probing a human multiple tissue blot (Clontech) as described (Zhu et al., 1995).
(C) Hydropathy analysis of Htrp3 by the method of Kyte and Doolittle (GCG Wisconsin Sequence Analysis Package). The plot is consistent
with existence of six or more transmembrane regions.
(D) Model of transmembrane topology for a monomeric trp protein. Htrp3 is proposed to be a six-spanning transmembrane protein with a
350 amino acid cytosolic N-terminus and a 200 amino acid cxytosolic C-terminus, in analogy to voltgae±gated Ca21 channels. Thin trace,
presumptive pore region. Six consensus glycosylation sites are encoded in Htrp3; none is predicted to be extracellular.
Experimental Procedures1993). With the identification of six mammalian homo-
logs, of which two enhance CCE activity, it is now possi-
cDNA Constructsble to undertake studies to determine the detailed sub-
The full-length Htrp3 cDNA was cloned as follows: mRNA was pre-
unit composition of trp complexes, their biological pared from human embryonic kidney cells (HEK 293 cells) (Zhu et
activity, and their regulation by signalscoming from both al., 1995). A library for rapid amplification of cDNA ends through
amplification by the polymerase chain reaction (RACE±PCR) wasactivated receptors and depleted Ca21 stores.
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prepared using 1 mg HEK mRNA, adaptors, reagents, and protocols additional independent PCR reaction for each specific trp-related
gene fragment.provided by Clontech in the Marathon cDNA Amplification kit. Spe-
cific oligonucleotide primers S1 (59-TGACTTCCGTTGTGCTCAAATA
TGATCACAAATTCATAG-39), S2 (59-ATGGAATATACAATGTAACTAT Expression Plasmids
GGTGGTCG-39), A1 (59-GGACTAGGAACTAGACTGAAAGGTGGAGG The Mtrp1 (470 bp), Mtrp2 (470 bp), Mtrp3 (1200 bp), Mtrp4 (1200
TAATGTTTTTCCATCATCA-39), and A2 (59-CGAGCAAACTTCCATTC bp), Mtrp5 (450 bp), and Mtrp6 (270 bp) cDNA fragments obtained
TACATCACTGTC39) were synthesized according to the sequence by RT±PCR were subcloned in negative orientation downstream of
of EST R34716 from the GenBank dbEST database. Primary RACE± the CMV promoter of expression vector pGW1H (British Biotech
PCR amplifications were performed using AP1 (adaptor-ligated Pharmaceuticals, Oxford, UK).
primer provided by the manufacturer) in combination with primer The full-length cDNAs encoding the M5 muscarinic receptor (Liao
S1 for 39 amplification or AP1 with primer A1 for 59 amplification of et al., 1989), Htrp1 (Zhu et al., 1995), Htrp3 (Figure 6) and murine
Htrp3. Nested-PCR amplifications were performed using internal luteinizing hormone receptor, (mLHR) (Gudermann et al., 1992) were
primers AP2 (Clontech) plus S2 for the 39 RACE or AP2 plus A2 for subcloned downstream of the CMV promoter of the expression plas-
the 59 RACE. Polymerase chain reactions were carried out in a mid pcDNA3 (Invitrogen).
thermal cycle controller (MJ Research) using the Takara ExTaq poly-
merase for 30 cycles each consisting of a denaturing step at 948C Transfection of COS-M6 and Ltk2 Cells
for 40 s and an annealing plus extension step at 708C for 5 min. PCR COS-M6 cells were transfected by the DEAE-dextran/chloroquine
products were extracted from agarose gel following electrophoresis shock method (Sambrook et al., 1989) as described (Zhu and Birn-
and subcloned into a T/A cloning plasmid, pCRII (Invitrogen). Posi- baumer, 1996) with changes. COS-M6 cells that had been kept
tive clones were identified using end-labeled oligonucleotides A1 subconfluent were plated (16 hr prior to transfection) at a density
and S1 for the 39 and 59 RACE, respectively, following a standard of 2 3 105 cells per well onto 25 mm glass coverslips placed at the
colony screening protocol (Sambrook et al., 1989). DNA was se- bottom of the wells of 6-well plates. Cells in the individual wells
quenced by the dideoxy±chain termination method of Sanger et al. were then transfected with 160 ml of transfection mixture (Zhu and
(1977) using double-stranded DNA as template as described (Levy Birnbaumer, 1996) containing 0.1 mg pcDNA3 with the M5 receptor
et al., 1992). The sequence was confirmed by isolating overlapping cDNA, a 3-fold molar excess of pcDNA3 vector carrying either the
partial cDNAs made directly from HEK 293 cell mRNA by RT±PCR Htrp3, Htrp1 or mLHR cDNA to bring the final concentration of DNA
with multiple sets of specific primers derived from the Htrp3 se- to 4 mg/ml. Cell were used 40±48 hr after transfection.
quence. The nucleotide sequence of the Htrp3 cDNA has been de- Mouse fibroblast Ltk2 cells (3 3 106 cells/100 mm dish) were
posited in GenBank (see below). transfected by the calcium phosphate/glycerol shock method with
Partial cDNA fragments of murine trp homologs were cloned by 5 mg each of the plasmids with the antisense cDNAs and 0.5 mg of
reverse transcribing poly(A)1 RNA from liver, brain, and kidney and the pcDNA3 carrying the M5 receptor. The control cells received
subjecting the transcripts to amplification by the RT±PCR. The only the M5 muscarinic receptor cDNA in pcDNA3. One day after
primers used for amplification of reverse transcripts were: 59-GCN transfection, the cells were trypsinized and diluted with minimum
GA(G/A)GGNCTCTT(T/C)GC (sense)/59-CGNGC(G/A)AA(C/T)TGCA essential medium±a medium containing 10% heat-inactivated fetal
(A/G)(A/G)T (antisense) for Mtrp2(a); 59-TGGGNCCN(C/T)TGCA(A/ bovine serum, 50 units/ml penicillin, 50 mg/ml streptomycin, and
G)(A/G)T (sense)/59-CGNGC(G/A)AA(C/T)TTCCA(C/T)TC (antisense) 400 mg/ml G418 (GIBCO±BRL). Serial 1:4 dilutions of the cells were
Mtrp1 and Mtrp2(b); 59-ACCTCTCAGGCCTAAGGGAG (sense)/ transferred into 96-well plates, and G418 resistant clones were al-
59-CCTTCTGAAGTCTTCTCCTTCTGC (antisense) for Mtrp3; 59-TCT lowed to develop for two weeks in the G418-containing medium.
GCAGATATCTCTGGGAAGGATGC (sense)/59-AAGCTTTGTTCGAG
Single colonies were then expanded and the cells used for Fura2
CAAATTTCCATTC (antisense) for Mtrp4 and Mtrp5; and 59-A(C/A)(G/
fluorescence measurement of muscarinic receptor±induced [Ca21]iA)CCNTT(C/T)ATGAA(G/A)TT (sense)/59-CCACTCCACGTCCGCAT
transients. Of 17 control cell lines, 5 responded to CCh and in-CATCC (antisense) for Mtrp6.
creased [Ca21]i through the capacitative influx path by 96 6 5 nMThe primers used for amplification of murine genomic DNA iso-
(difference between [Ca21]i at time of Ca21 addition and [Ca21]i 30lated from the 129Sv embryonic stem cell AB2.2 as described (Ru-
s later [average 6 SD; 20 cells each of 5 cell clones]). Of 30 G418-dolph et al., 1993) were: 59-GGTTTAGCTATGGGGAAGAGC (sense)/
resistant cell lines obtained from transfecting Ltk2 cells with M559-TTTCCA(T/C)TCTTTATCCTCATG (antisense) for Mtrp1; 59-TGG
receptor plus the 6 antisense trp cDNAs, 9 responded to CCh.ACATGCCTCAGTTCCTGG (sense)/59-TTTCCA(T/C)TCCACATCA
All cells expressing the M5 receptor, identified by their responseGCATC (antisense) for Mtrp2; 59-GGCTATGTTCTTTATGGGATAT
to CCh, were assumed to express also the cotransfected cDNA(sense)/59-CCATCATCAAAGTAGGAGAGCC (antisense) for Mtrp3;
(Htrp3 or Htrp1) or antisense cDNA fragments.59-ATGTCAAAGCCCAGCACGAGT (sense)/59-AAGCTTTGTTCGAG
CAAATTTCCATTC (antisense) for Mtrp4; 59-ATGTGAAGGCCCGAC
Measurement of Changes in Intracellular Ca21 ([Ca21]i)ATGAGT (sense)/59-TTTCCATTCAATATCAGCATG (antisense) for
Intracellular Ca21 transients were measured in individual cells byMtrp5; and 59-ATCGGCTACGTTCTGTATGGTGTC (sense)/59-GGAA
fluorescence videomicroscopy using the Attofluor Digital ImagingAACCACAATTTGGCCCTTGC (antisense) for Mtrp6.
and Photometry attachment of a Carl Zeiss Axiovert inverted micro-Poly(A)1 RNA was prepared from mouse tissues using an mRNA
scope. Cells (COS-M6 or L) were grown on circular coverslips,isolation kit from Collaborative Biomedical Products (Bedford, MA,
rinsed, and incubated with 5 mM Fura2/AM (Molecular Probes) inUSA). The first strand cDNAs were synthesized using Moloney Mu-
HEPES buffered saline (HPSS: 120 mM NaCl, 5.3 mM KCl, 0.8 mMrine Leukemia Virus Reverse Transcriptase (GIBCO±BRL) with either
MgSO4, 1.8 mM CaCl2, 11.1 mM glucose, 20 mM HEPES±Na [pHrandom hexamers or oligo-dT as primers following established pro-
7.4]) at 378C for 30 min and then washed with HPSS twice at roomtocols (Sambrook et al., 1989). The PCR reaction mixture was com-
temperature. The coverslips with the cells were then clamped intoposed of the cDNA, 0.2 mM dNTP, 0.2 or 1 mM of each primer, 1.5
a circular open-bottom chamber and mounted onto the stage ofmM of MgCl2, and 25 U/ml of Taq polymerase (Perkin Elmer). PCR
the microscope. [Ca21]i in individual cells was monitored at roomreactions using reverse transcripts were carried out in a Thermal
temperature exciting Fura2 alternatingly at 334 and 380 nm andController (MJ Research, Inc.). For amplification of reverse tran-
recording emitted fluorescence at 520 nm. All reagents were dilutedscripts the cycles were: 1 min at 948C, 1 min at either 508C or 608C,
to their final concentrations in HPSS and applied to the cells byand 1 min at 728C for 30±35 cycles. For genomic DNA (from 129Sv
surface perfusion. The duration of exposure to each reagent mixturemouse embryonic stem cells), the cycles were 30 s at 948C, 60 s at
is indicated by the horizontal lines above the graphs depicting the558C, and 3.5 min at 728C, ending with 10 min at 728C.
changes in [Ca21]i as a function of time. The system allows dataThe PCR products were separated ona 1% agarose gel by electro-
acquisition from up to 99 user-defined variably sized regions ofphoresis. Appropriate DNA fragments were extracted with Qiagen
interest per field of view. Data from 15 to 30 individual cells wereGel Extraction kit and subcloned into a TA cloning vector, pCRII
thus collected per experiment and experiments were repeated until(Invitrogen). These and all other cDNA fragments used in this work
data from sufficient cells were collected to generate an ensemblesequenced as described above. The DNA sequences were con-
firmed by sequence analysis of products obtained from at least one average that was calculated after transfer into Microsoft Excel 5.0.
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Data acquisition was typically at 1.2±1.5 s intervals and lasted for Clapham, D.E. (1995a). Calcium signaling. Cell 80, 259±268.
500±800 s. Clapham, D.E. (1995b). Intracellular calcium: replenishing the stores.
For assessment of the rate at which [Ca21]i falls after an initial Nature 375, 634±635.
stimulation with agonist, t 5 0 is the time of agonist addition; for
Clementi, E., Scheer, H., Zacchetti, D., Fasolato, C., Pozzan, T., andassessment of rate of influx of Ca21 into cells in which Ca21 stores
Meldolesi. J. (1992). Receptor activated Ca21 influx. Two indepen-had been depleted by agonist, t 5 0 is the time of Ca21 readdition.
dently regulated mechanisms of influx stimulation coexist in neuro-t1¤2 values were obtained by fitting the function A 5 Aoexp(2t ´ ln2/ secretory PC12 cells. J. Biol. Chem. 267, 2164±2172.t1¤2) 1 B to the data points shown.
Devary, O., Heichal, O., Blumenfeld, A., Cassel, D., Suss, E., Barash,
S., Rubinstein, C.T., Minke, B., and Selinger, Z. (1987). Coupling ofMembrane Potential Measurement
photoexcited rhodopsin to inositol phospholipid hydrolysis in flyThe resting membrane potential of transfected murine L cells was
photoreceptors. Proc. Natl. Acad. Sci. USA 84, 6939±6943.measured using the patch-clamp technique. On-cell patches were
obtained in the voltage clamp configuration. Before going to the Dong, Y., Kunze, D., Vaca, L., and Schilling, W.P. (1995). Ins(1,4,5)P3
whole cell configuration, the amplifier was switched to current clamp activatesDrosophila cation channel trpl in recombinant baculovirus-
mode so that the resting membrane potential could be measured infected Sf9 insect cells. Am. J. Physiol. 269, C1332±C1339.
at the moment access was gained to the cell interior. The pipette Fanger, C.M., Hoth, M., Crabtree, G.R., and Lewis, R.S. (1995). Char-
solution was composed of the following: potassium gluconate 140 acterization of T cell mutants with defects in capacitative calcium
mM, KCl 5 mM, CaCl2 0.5 mM, MgCl2 0.8 mM, EGTA 5 mM, HEPES entry: genetic evidence for the physiological roles of CRAC chan-
5 mM, ATP 5 mM (pH 7.1). The bath solution was the same as that nels. J. Cell Biol. 131, 655±667.
used for [Ca21]i measurements by digital videomicroscopy. Fasolato, C., Innocenti, B., and Pozzan, T. (1994). Receptor-acti-
vated Ca21 influx: how many mechanisms for how many channels?Computer Analysis
Trends Pharmac. Sci. 15, 77±83.Sequence alignments and phylogenetic analysis were performed
Fein, A., Payne, R., Corson, D.W., Berridge, M.J., and Irvine, R.F.using the Wisconsin Sequence Analysis Package from the Genetics
(1984). Photoreceptor excitation and adaptation by inositol 1,4,5-Computer Group (GCG) as described (Zhu et al., 1995).
trisphosphate. Nature 311, 157±160.
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